Demand for hydrocarbons is continuing to grow, leading to an increase in the stage count of hydraulic fracturing in unconventional reservoirs. The plug-and-perf system is a typical stimulation method that uses frac plugs for zone isolation. Conventionally, the plugs must be milled out to recover the flow path for hydrocarbons after fracturing is complete. Fully degradable frac plugs would eliminate the need for milling out, and this in turn allows for longer wellbores in the lateral direction, lower costs, and reduced risk in well completion. A key material for fully degradable frac plugs is a sufficiently degradable rubber with good sealing properties for the seal elements of the plugs. This paper presents the fundamental properties of degradable rubbers developed in a comprehensive materials study. The degradation behaviors of the degradable rubbers were investigated under various temperature and fluid media conditions. The mechanical strength was compared with that of conventional nitrile rubber. Nonlinear, three-dimensional multi-body contact analysis and qualification testing were integrated to estimate the sealing performance of seal elements made of the degradable rubbers.
Introduction
Tremendous technical advances in multistage hydraulic fracturing have recently enabled efficient recovery of unconventional oil and gas resources. The stage count in plug-and-perf systems, which are a typical technology for multistage fracturing, has steadily increased over the last decade (Griffin and Nicols 2012) . The plug-and-perf method uses isolation plugs called frac plugs for zone isolation and diverting fracturing fluids into the perforations at the desired location in a wellbore. The frac plugs generally consist of a mandrel, a seal element composed of one or more rubber parts, cones, and slips. After the first stage of fracturing, a frac plug is inserted into the front side adjacent to the fracked zone in the cemented wellbore, and then set with a setting tool that can generate longitudinal tensile or compressive force. The force expands the rubber seal element radially outward, sealing the annulus between the casing and the mandrel. The force also expands the slips radially outward, creating an anchor to fix the plug at a predetermined place in the wellbore and to hold the rubber seal element blocking the annulus. A ball is dropped into the wellbore, isolating the zone to seal the through hole of the mandrel. Second fracturing is then performed. These steps are repeated from the toe to the heel section of the wellbore to achieve multistage fracture. The plug-and-perf system is more mature than other techniques for multistage fracturing, such as the sleeve system, and has long been used in the field. Moreover, frac plugs can be set in a wellbore without limitations as needed, so the fracturing location can be set flexibly (Burton 2013) . Most current plug-and-perf methods require post-fracturing processes to remove the frac plugs and to recover the flow path for production fluids after the fracturing operations are complete. Milling out with coiled tubing (CT) has been the preferred method for removing the plugs. However, CT operations often face problems related to wellbore and reservoir conditions. Milling out with CT can be time-consuming, increasing operational costs (Wozniak 2010; Tompkins et al. 2013 ) and resulting in complications (Mallalieu and Burgos 2013) . In addition, milling out with CT interferes with extending the length of the horizontal wellbore because of the limited maximum depth and extended-reach capability of CT. Intense focus has recently been placed on the use of degradable downhole tools for multistage fracturing. The degradable tools disappear after use, meaning that such an approach provides an alternative to milling out with CT. Degradable ball sealers for sleeve systems are already used commercially (Aviles et al. 2013; Xu et al. 2013; Okura et al. 2015) . Polyglycolic acid (PGA) is widely used degradable polymer in ball sealers in North America. Compared with polylactic acid, polybutylene succinate, and other degradable polymers, PGA is mechanically strong at the temperatures typical of shale formations in North America. PGA has also been modified to improve mechanical strength and widen the pressure range of PGA ball sealers (Takahashi et al. 2015a) . Moreover, PGA degrades in water, whereas the degradation of other materials often requires acids or salts as a trigger. Degradable materials, including PGA, can also be used for the body members of frac plugs, such as mandrels, cones, or slips, but it has been difficult to replace the seal elements with degradable materials. Even if the body members degrade, nondegradable seal elements may get stuck in the wellbore, decreasing the effectiveness of the production fluids. Sufficiently degradable seal elements with sealing performance equivalent to the rubber materials that are used in conventional frac plugs are highly desirable. We have developed degradable rubber materials through a comprehensive material study. The rubbers degrade in the presence of water with no degradation triggers such as acids, alkalis or salts. Several grades of rubbers for different temperature ranges can be obtained. The durometer hardness of the rubbers can be customized between A60 and A100. In this paper, we describe the properties of degradable rubbers that can be used in a temperature range of 200-270 °F. The mechanical strength and degradability under various conditions are discussed and compared with conventional nitrile rubber (NBR) to evaluate the suitability of the degradable rubber as seal elements for frac plugs. The sealing performance of the degradable rubber obtained from tests with a specially designed high-pressure vessel is also reported.
Material Properties of Degradable Rubbers
Degradability Table 1 shows the changes in the appearance and the durometer hardness of the degradable rubber that has an initial durometer hardness of A82 as a function of immersion time in deionized water (DI) at 250 °F. The hardness of the degradable rubber decreases with time and finally reaches A0 after 48 h immersion. The mechanical properties of the degradable rubber, such as tensile elongation at failure, tensile strength, and compressive strength, also deteriorate with immersion time, and the rubber easily collapses under a load when the hardness of the rubbers reaches A30. After further immersion of the rubber in water, for example, for 72 h at 250 °F, the rubber degrades to a gel. The degradation rate does not depend on the sample thickness of the rubbers, suggesting that the degradation proceeds via a bulk degradation mechanism. Rubber that degrades to A30 or the gel state can easily fragment into small pieces in water. The results suggest that sufficiently degraded rubber can be recovered at the surface of the wellbore during the flowback process in well completion. Hence, we expect that the degradable rubbers will not decrease the production efficiency of oil and gas from wells by clogging the flow path. Figure 1 shows that the time for the rubber to reach a durometer hardness of A0 decreases with increasing temperature. The linear relationship indicates that the degradation rate of the degradable rubbers has an Arrhenius-type temperature dependence. Although the degradation rate of the rubber at 270 °F is too fast for use in the wells in this temperature range, the rubber could be used if fluids were injected prior to inserting the plugs to decrease the well temperature temporarily. Moreover, for use in higher or lower temperature ranges, the degradation rate of the rubber can be adjusted by changing its chemical structure and additives. Table 2 shows the changes in the appearance and the durometer hardness of the degradable rubber that has an initial hardness of A82 during immersion in DI water and in aqueous 3% HCl at 176 °F. Although the hardness of the degradable rubbers decreases with immersion time in DI water at this temperature, the rate is slow. In 3% HCl, the degradation proceeds faster than in DI water; fine cracks initially appear on the surface of the rubber, and subsequently, the material on the surface disintegrates into small pieces. Fragmentation begins faster in 3% HCl than in DI water. The core of the rubber maintains a durometer hardness of more than A30, at which the degradable rubber easily collapses. This result suggests that acids affect the surface more than the core of the material. In contrast, alkaline and salt solutions do not affect the degradation rate and mechanism (data not shown). Figure 2 shows the tensile and compressive stress-strain curves of the degradable rubbers that have a durometer hardness of A80 and A90. The stress-strain curves of A80 NBR, which is widely used for seal elements in conventional composite frac plugs, are also shown in Figure 2 . The tensile elongation at failure for the degradable rubbers is over 400%, whereas that of NBR is around 300%. These data indicate that seal elements made of the degradable rubbers may have a lower risk of failure during actuation or fracturing operations compared with NBR. The stress-strain curves of the degradable rubbers in tensile and compressive mode are similar to those of NBR. This fact suggests that the deformation behavior of the degradable rubbers is close to NBR; therefore, the degradable rubbers can replace the conventional NBR seal elements without significant design change. 
Mechanical Properties

Application of Degradable Rubbers for Seal Elements in Degradable Frac Plugs
The degradable rubbers could be used as seal elements in degradable frac plugs. Seal elements are an essential part of frac plugs that maintains pressure during hydraulic fracturing. Typically, a seal element consisting of single or multiple parts made of an elastomeric material is placed between two cones that are disposed around a mandrel. When the setting force is hydraulically, mechanically, or electrically applied to the mandrel via a setting tool, the rubber seal element is axially compressed by the cones, and expands radially, blocking the annular space between the plug and the well casing, providing a tight seal to maintain the hydraulic pressure. The sealing performance is especially important in this application; that is, the rubber seal element must withstand high pressures of over 10,000 psi without failure. Nonlinear finite element analysis (FEA) is the primary tool for design verification and optimization of the seal element (Al-Kharusi et al. 2011; Doane et al. 2012; Deng et al. 2013) . We have previously reported the design capability and sealing performance of degradable rubber seal elements, as obtained by FEA and qualification tests (Takahashi et al. 2015b) . Nonlinear FEA considering three-dimensional multi-body contact was performed to investigate the integrity of the degradable rubber seal elements for frac plugs. The computational models used a three-piece, multi-hardness seal element, which was axially compressed between the PGA cones in a 4.5 in, 9.50 lb/ft casing. The tensile and compressive stressstrain curves of the rubbers and PGA were modeled by a poly-linear approximation. Figure 3 shows the stress contours of the seal element after applying a 100 kN setting force. The red area in the figure shows that the stress is above the allowed level. There is no red area in the stress contours; thus, there is no risk of failure in this assembly on the setting force. The 4.5 in., 9.50 lb/ft casing has the largest internal diameter in a 4.5 in. casing in the API standards; therefore, a large deformation will be applied to the seal element during setting. The low risk of the failure for the degradable rubber seal element suggests that the good mechanical properties of the degradable rubber make it suitable for seal elements. A specially designed high-pressure vessel was used to examine the sealing performance of the seal element made from the degradable rubbers. Figure 4 shows the cross-sectional view of the high-pressure vessel. The vessel with an inner diameter of 4.09 in. is equipped with a stainless steel mandrel in its center. In experiments, two PGA cones and a seal element in between the cones are placed around the mandrel, and a female screw part is attached to the mandrel. Tightening the female screw part exerts axial compression on the seal element and the cones, resulting in radial expansion of the seal that seals the annular space between the mandrel and the vessel. Hydraulic pressure is subsequently applied by the pressure generator to the seal element, and the pressure history is recorded. A three-piece, multi-hardness seal element made from the degradable rubbers with a 3.54 in. outer diameter was tested with the high-pressure vessel at a temperature of 150 °F. The seal element consists of two backup elements and a center element in between the backup elements. The durometer hardnesses of the backup elements and the center elements were A90 and A82, respectively.
The tests were carried out in the following two steps. 1) Maximum pressure test. The cones and the rubber seal element were axially compressed to a predetermined position. Subsequently, pressure was hydraulically applied until the seal failed. The pressure at which water leaked was defined as the maximum pressure.
2) Pressure holding test. The rubber seal element was axially compressed to the predetermined displacement at which the maximum pressure was 103 MPa (15,000 psi). The pressure was held for 10 min, and then released. Figure 5 shows the result of the maximum pressure test. With increasing displacement, namely the compression of the seal element, the maximum pressure increased. In this system, the maximum pressure reached was 103 MPa at a displacement 50 mm. 
Conclusion
Degradable rubbers with appropriate degradation and mechanical properties were developed for use in seal elements for degradable frac plugs. Initial mechanical strength of the degradable rubbers is equivalent to or above conventional NBR, indicating that the degradable rubbers have higher reliability than NBR and can replace the NBR seal element without significant deign change. The durometer hardness and other mechanical properties of the degradable rubbers decreased as the immersion time in water increased, and the rubbers eventually deteriorated into small fragments or a gel. The immersion in 3% HCl accelerates the degradation. Nonlinear FEA and the qualification tests indicated that the seal elements made of the degradable rubbers functioned at pressures up to 100 MPa (15,000 psi).
 Different grades are available in accordance with temperature range of wellbore.
 Mechanical properties (strength and hardness) are adjustable in accordance with application. 
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